An arc driven by an alternating magnetic field was investigated theoretically and experimentally in swirling plasma gas flow. The governing equation to ascertain the arc motion was assumed to include not only an electromagnetic force term but also a Magnus force one. The electromagnetic force term derives from interaction between the arc current and the imposed magnetic field. The Magnus force is produced when the rotating gas travels in the surrounding gas. The obtained equation was solved numerically using commercial software (Mathematica). Numerical calculation revealed that the movement of the magnetically driven arc is twisted by the Magnus force. The twist direction depends on that of the swirling motion of the plasma gas. Clockwise-swirling plasma gas produces clockwise twisted arc movement. The amplitude of the oscillatory arc motion decreases concomitantly with increasing swirling strength.
Introduction
Because of their intense energy concentration to a small arc root, transferred arcs have been used widely in various industrial processes such as the cutting and welding of metals. In steel industry, many applications other than welding are utilized such as tundish plasma heating in steelmaking process. However, conventional arcs have remained inconvenient for heating and melting over a wide area. Several trials to expand the heating area of the transferred arc have been conducted. [1] [2] [3] The authors succeeded in expanding the arc area by imposing an alternating magnetic field perpendicularly to the arc current. The arc was driven by electromagnetic force resulted from the interaction between the imposed magnetic field and the arc current, as presented in Fig. 1 . Such a magnetically driven arc opens the new applications to a wide area thermal treatment of materials. [4] [5] [6] [7] In previous studies, theoretical consideration was restricted to the plasma gas flow without swirling motion. Nowadays, swirling gas flows are often used for plasma arc cutting and plasma spraying to improve the thermal efficiency. 8, 9) However, little work has been done on the effect of the swirling gas flow upon the magnetically driven arc.
When a ball with a rotating motion travels in the air, its trajectory curve is well known to differ from a straight path because the rotating material experiences a force designated as the "Magnus force". 10) The present work investigated the movement of the magnetically driven arc under the swirling motion of the plasma gas flow. Considering the Magnus effect, the theoretical model for the arc motion is constructed. Then numerical calculations are conducted. Experiments are reported to examine the theoretical predictions.
Theoretical Consideration of the Arc Motion

Governing Equation
A schematic illustration showing modeling is presented in Fig. 2 . As depicted therein, the following coordinate system (x, y, z) is used for this study. The origin 0 (0, 0, 0) is located at the center of the arc torch exit. A metal plate serving as an anode expands in the x-y plane. A magnetic field is imposed parallel to the x axis. The magnetic flux density is uniform in space, but its value varies over time. A transferred arc is generated between an anode and a cathode in the arc torch. Argon gas is fed to the arc torch at the mass flow rate of Q0. Tangential movement of the gas flow is produced inside the arc torch. The gas is ionized near the cathode region. It is then ejected from the torch as a plasma gas with swirling motion. For plasma gas without swirling motion, precise investigations have been done of arc motion under an alternating magnetic field. 4) Different from the previous work, swirling motion of the plasma gas should be considered. The plasma gas column presented in Fig. 2(b) is assumed to be in the form of a vorticity tube. The authors consider an elementary tube of the vorticity of length ds resting on a circle of radius r0 perpendicular to a vector of vorticity ω ω. Hereinafter, the elementary tube of vorticity is referred to as "a disk", as presented in Fig. 2(b) . It is expected that the Magnus force acts on the disk that moves in a © 2014 ISIJ static atmosphere. 10) Considering the electromagnetic force and the Magnus force, we follow the disk of plasma gas as it moves according to a Lagrangian manner. The trajectory of the disk is determined by solving the momentum equation under similar assumptions to those used in a previous study.
4)
The disk movement is governed by the following momentum equation. As the total electric current through the disk is I a , the electromagnetic force F E acting on the disk is expressed as follows: If the swirling motion of the plasma gas is clockwise, then the direction of the circulation is kept parallel to the z-direction. If it is counterclockwise, then the circulation is antiparallel to the z-direction. As discussed in the previous work, the arc current runs through the plasma gas which is electrically conductive. Because the arc current is directed from the anode to the cathode and because the plasma gas flow is directed from the arc torch to the anode, the vector of the arc current is expected to be antiparallel to that of plasma gas velocity. Therefore the arc current can be expressed by Eq. The disk trajectory is determined by solving Eq. (8) . The arc profile is given by the disk trajectory.
In this consideration, the alternating magnetic field is imposed along the x direction uniformly in space. If the flight time of the disk from the torch to the anode is much smaller than the period of the alternating field (τo), then the disk can be assumed to travel under a constant magnetic flux density. Such a condition is satisfied under the relation of τo >> L/v, where v is the plasma gas velocity and L is the distance between arc torch and anode. According to the model arrangement shown in Fig. 2 , a magnetic field and a circulation are expressed respectively as 
Conservation of Kinetic Energy for the Plasma Gas
The conservation of kinetic energy for the disk is induced from Eq. (8) . Scalar products of vector v to both sides of Eq. (8) As for the determination of γ, its magnitude is difficult to estimate. The swirling motion generated in the arc torch does not remain constant because the physical properties of the plasma gas change drastically there. However, the direction of γ can be ascertained. As described in the experiment, the swirling motion direction depends on the type of the screw nut. Clockwise motion is obtained if a screw nut with clockwise grooves is used, and vice versa. If a nut with straight grooves is used, then the plasma gas flow with no swirling motion is obtained.
Numerical Results
Numerical calculations were conducted. Commercial software (Mathematica) 11) was used to solve the set of differential equations presented by Eq. (28) under the set of initial conditions of Eq. (29). The disk starts at a time t = 0 from the torch orifice and travels to the anode located at z = -L. It reaches there at a time t = tL. The location of the disk at time t is given as the set of x(t), y(t) and z(t). The disk trajectory is described by the variation of (x, y, z) with time (0 ≤ t ≤ tL). Parameter λ is given by the arc current Ia, the imposed magnetic flux density B0, and the mass flow rate of the plasma gas Q0, as expressed in Eq. (34). Experimental parameters Ia and Q0 are always positive, but B0 varies from negative to positive depending on the direction of the magnetic field vector.
Parameter γ also varies from negative to positive depending to the direction of the vorticity vector. Various trajectories of the disk are obtainable under arbitrary combinations of λ and γ.
In Fig. 3 , arc profiles in an alternating magnetic field are shown under the condition of plasma gas flow without swirling motion. Numerical parameters used for the calculation are presented in Table 1 . The magnetic flux density changes between +B0 and -B0. For the initial velocity of the plasma gas, v0 = -80 [m/s] is adopted. This value was measured as a typical velocity in the previous experiment. 4) As depicted in Fig. 3 , the anode root of the arc oscillates along the y-axis.
Trajectories of the disk with swirling motion are typically portrayed in Figs. 4 and 5. Parameters used for the numerical calculations are the same as those in ], the arc profile variation with magnetic flux density is presented in Fig. 4(a) . Different from the results under γ = 0, the anode root does not move along the y-axis.
Movement of the anode root on the x-y plane at z = -0.05 [m] is portrayed in Fig. 4(b) . As this figure shows, movement of the anode root is twisted counterclockwise when γ is negative.
The trajectory of the anode root is not straight. Strictly speaking, it is curved slightly. To simplify the discussion, the trajectory is assumed straight as shown by a dotted line in Fig.   4(b) . If the twist angle ψ is defined as the shift from the yaxis, then ψ is equal to -42 [deg] at γ = -3 000 [s -1 ].
Arc profiles obtained under the condition of γ = 3 000 [s -1 ] are presented in Fig. 5(a) . The movement of the anode root is twisted clockwise as presented in Fig. 5(b) , where ψ is equal to 42 [deg] . Numerical analyses reveal that the twist angle | ψ | increases with increased |γ |.
Experiment
Experimental Procedure
Experiments were conducted to assess the theoretical results. Experimental arrangements are presented schematically in Fig. 6 . A transferred arc was generated between an arc torch and a water cooled copper plate. A tungsten cathode and a water cooled copper plate were connected respectively to a negative pole and a positive one of the DC power supply. Argon gas was fed into the arc torch at Q0 = 5.3 × 10 -4 [kg/s]. Inside the torch, the gas was introduced to a screw nut. By changing the screw nut type, various patterns of gas flows such as a straight flow or a swirling one were produced. In the present work, screw nuts of three different types were used; as portrayed in Fig. 7 , they were a screw nut with straight grooves (a), one with counterclockwise grooves (b) and one with clockwise grooves (c). Main dimensions for these screw nuts are shown in Fig. 8 . For all types of the screw nuts, the width of a groove was designed to be 3 × 10 -3 [m] and its depth was 1 × 10 -3 [m] . The magnetic field was produced by an electromagnet. Alternating electric current was supplied to the magnetic field coil. The arc was driven alternatingly by the electromagnetic force. The origin (0, 0, 0) of the coordinate system was located at the arc torch exit, and a magnetic field was applied along the x-axis and the arc torch was installed along the z-axis.
The twist angle ψ and amplitude of the oscillatory movements W were determined as depicted in Fig. 9 . Experimental results were compared with theoretical predictions.
Experimental conditions are presented in Table 2 Figure 10 presents the track of the anode root obtained using the screw nut with straight grooves (screw nut of Type A). When the Type A nut is used, the plasma gas flow has no swirling motion. It was known that the anode root moved along the y-axis, as expected in Fig. 3 .
Experimental Results
If the screw nut with counterclockwise grooves (screw nut of Type B) is used, then a counterclockwise swirling motion is produced in the plasma gas flow. The track of the root on the anode plate is shown in Fig. 11 . The Result shows that the twisted angle ψ was negative under the counterclockwise swirling motion of the plasma gas, as predicted from the theoretical calculation.
If the screw nut with clockwise grooves (screw nut of Type C) is used, then the clockwise swirling motion is produced in the plasma gas flow. As presented in Fig. 12 , the twist angle ψ was positive in this experiment, in contrast to the result from Fig. 11 .
Discussion
Estimation of γ
The variation of twist angle ψ with γ is presented in Fig.   13 , where the solid curve represents the theoretical relation.
The twist angle varies almost linearly with γ. It is zero at γ = 
Amplitude of the Magnetically Driven Arc
The anode root movements of the magnetically driven arc were calculated for various values of γ. In Fig. 14 In Fig. 15 , the amplitude variation of the anode root movement was presented as a function of γ. As shown in this figure, the variation of the amplitude W is normalized with W0 at γ = 0. As presented in Fig. 15 , the amplitude is reduced with increased |γ|. In experiments using screw nuts of three different types Type A, Type B, and Type C, the amplitudes of the anode root movement were observed. These amplitudes were normalized by W0 obtained for Type A. The normalized amplitude for Type B was measured to 0.83 and that for Type C was also 0.83. By fitting these experimentally obtained results to the theoretical curve, we can also estimate the values of γ for Type A, Type B, and Type C. Those are γ = 0 To estimate the experimental values of γ, two approaches were used. One was from the measurement of the twist angle and the other was from that of the oscillation amplitude. Agreement between the values obtained from the two approaches suggests good validity of the present theoretical model.
Conclusions
The movement of the magnetically driven arc in the swirling plasma gas was investigated theoretically. A theoretical model was constructed on the idea that the arc movement would be controlled not only by the electromagnetic force but also by the Magnus force. Electromagnetic force is produced by interaction of the arc current with the imposed magnetic field. The swirling motion of the plasma gas results in the Magnus force. Numerical calculations were conducted using commercial software (Mathematica). Theoretical predictions obtained from the numerical analyses were examined by experimentation. Results of that experimental examination confirmed the validity of the theoretical model. The main results are presented below.
(1) The governing equation used to determine the arc motion is the momentum equation including electromagnetic force and Magnus force.
(2) The plasma gas trajectory is determined by solving a set of three third-order linear ordinary differential equations.
(3) Numerical analyses and the experimental observations reveal that the arc movement is twisted by the influence of the Magnus force.
(4) The twist direction depends on the direction of the swirling motion of the plasma gas. If the direction of the swirling motion is clockwise, then that of the twist is clockwise, and vice versa. 
